Whole-genome shotgun sequencing was used to study the sequence variation of three Pseudomonas aeruginosa isolates, two from clonal infections of cystic fibrosis patients and one from an aquatic environment, relative to the genomic sequence of reference strain PAO1. The majority of the PAO1 genome is represented in these strains; however, at least three prominent islands of PAO1-specific sequence are apparent. Conversely, ϳ10% of the sequencing reads derived from each isolate fail to align with the PAO1 backbone. While average sequence variation among all strains is roughly 0.5%, regions of pronounced differences were evident in whole-genome scans of nucleotide diversity. We analyzed two such divergent loci, the pyoverdine and O-antigen biosynthesis regions, by complete resequencing. A thorough analysis of isolates collected over time from one of the cystic fibrosis patients revealed independent mutations resulting in the loss of O-antigen synthesis alternating with a mucoid phenotype. Overall, we conclude that most of the PAO1 genome represents a core P. aeruginosa backbone sequence while the strains addressed in this study possess additional genetic material that accounts for at least 10% of their genomes. Approximately half of these additional sequences are novel.
Pseudomonas aeruginosa is a ubiquitous environmental bacterium that is of increasing importance as an opportunistic human pathogen. P. aeruginosa infections are common in patients with compromised antibacterial defenses. A particular niche for infections that has been created by advances in pediatric care is the lungs of cystic fibrosis (CF) patients. As effective management of other clinical complications has been introduced and life expectancy has increased, chronic pulmonary infections with P. aeruginosa have emerged as the leading cause of morbidity and mortality in CF (11, 17) . Despite steady improvements in treatment, CF pulmonary infections resist eradication with antibiotics and lead, over a period of many years, to irreversible tissue destruction (11) .
Available data suggest that most CF patients are infected by unique strains of P. aeruginosa acquired from environmental reservoirs (15, 30, 31) and that the infections are frequently clonal (5, 29, 36, 39) . During the time that a particular strain is resident in the airways of a CF patient, considerable genetic adaptation occurs. A well-known example of this process is the conversion of strains from nonmucoid to mucoid phenotypes due to mutations in mucA (11, 21, 22) , a gene whose product is a negative regulator of the biosynthesis of the secreted polysaccharide alginate. Another example is the frequent loss of O antigen (8, 14, 18, 28, 29) , a change that also appears to be due to mutation.
Restriction mapping of P. aeruginosa strains from diverse backgrounds indicates that a significant proportion of the variation among isolates is due to insertions and deletions of up to 500 kbp of genomic material (30, 34) . In this respect, P. aeruginosa is superficially similar to Escherichia coli. Comparison of the pathogenic O157 and the nonpathogenic K-12 E. coli strains has revealed that much of their difference can be attributed to blocks of DNA that are strain specific (26) . These so-called K islands and O islands comprise 12% of the genome of K-12 and 26% of the genome of O157, respectively, and are interspersed in a conserved backbone sequence with relatively little polymorphism (26) . In P. aeruginosa, few strain-specific regions have been well characterized. One example is the 50-kbp P. aeruginosa genomic island 1, PAGI-1, found in many clinical isolates of P. aeruginosa in place of the 7-kbp of PAO1 sequence and hypothesized to play a role in evading the host immune response (20) . Other examples include a 20-kbp island found in P. aeruginosa strain PAK, containing genes involved in glycosylation of a-type flagellin (2) , and the recently described 11 groups of gene clusters at the O-antigen biosynthetic locus (27) . However, despite the evidence indicating that genomic islands may play an important role in P. aeruginosa biology, little is known about the sequence and location of other islands.
Sequence-based studies of genetic variation in P. aeruginosa appear to support the presence of conserved backbone sequences, similar to the E. coli model. Sequencing of six housekeeping genes in 19 environmental and clinical isolates revealed levels of genetic diversity even lower than in the E. coli comparisons, with average pairwise nucleotide substitution rates on the order of a few tenths of a percentage point (15) . These data, along with those from restriction-mapping experiments, suggest that P. aeruginosa genomes have numerous strain-specific regions interspersed in a well-conserved backbone. More detailed studies of DNA sequence variation in P. aeruginosa are needed to define these backbone and strainspecific sequences, which may promote our understanding of the genetic determinants of pathogenicity in CF lung infections.
The recent sequencing of the genome of the standard laboratory strain of P. aeruginosa, PAO1 (37) , has laid the groundwork for more extensive studies of genomic variation in clinical and environmental isolates of this bacterium. We have carried out whole-genome-sample sequencing of two P. aeruginosa strains isolated from late-stage CF-related infections and a strain from an environmental source. These data provide a detailed view of the pattern of sequence variation among the three new strains relative to the PAO1 reference.
MATERIALS AND METHODS
Isolation of clinical strains. All samples were processed at Children's Hospital and Regional Medical Center in Seattle. Oropharyngeal specimens were obtained using a cotton-tipped swab to collect the specimen from the posterior oropharyngeal wall and tonsillar pillars. Oropharyngeal samples were inoculated directly onto selective media. Bronchoalveolar lavage fluid and sputum were cultured using selective media as previously described (5) . The media from which P. aeruginosa were isolated were MacConkey and cetrimide agars. Organisms were identified by standard techniques including the use of a biochemical panel for the identification of lactose nonfermenters (5) . All isolates were taken from the primary culture plate and frozen at Ϫ80°C in sterile skim milk. The Institutional Review Board at Children's Hospital and Regional Medical Center, Seattle, Wash., approved this protocol.
Whole-genome fingerprinting. Chromosomal DNA of each isolate was extracted from overnight 20-ml Luria broth cultures by sodium dodecyl sulfate lysis and phenol-chloroform extraction followed by ethanol precipitation and spooling with a glass rod (20) . Restriction enzyme digestions of 2.5 to 3.5 g of DNA using 20 to 28 U of the enzyme SfoI (New England Biolabs, Beverly, Mass.) were performed at 37°C for 2 to 4 hs. Reactions were run on 1% agarose gels at 4°C for 18 to 22 h at 150 V, and the products were stained with SYBR Green (Molecular Probes Inc., Eugene, Oreg.). Images were captured using a Fluorimager (Molecular Dynamics, Foster City, Calif.).
Strain selection and whole-genome-sequence sampling. P. aeruginosa clinical strains 1-60 and 2-164 were selected as typical isolates present in the lungs of two CF patients in an advanced stage of a clonal infection, as determined by whole-genome fingerprints. Strain MSH, donated by Stephen Lory, was collected near Mount St. Helens and selected to represent a typical environmental isolate. Genomic libraries were made by sonication of chromosomal DNA and subsequent ligation into either M13 or pBluescript vectors. Sequence traces from each library were generated using primarily dye-terminator sequencing chemistry. For artificial sampling of PAO1, 11,609 traces were randomly selected from the PAO1 sequencing project (37) . All four sets of individual traces were analyzed using the phred/phrap software package (9, 10) .
PAO1 coverage analysis. Sequence data from strains 1-60, 2-164, MSH, and the PAO1 trace simulation were compared to the known PAO1 genome with cross_match (http://bozeman.mbt.washington.edu/phrap.docs/phrap.html), using its default parameters. The midpoint of the best hit for each trace and phred quality scores for aligned bases were used to determine Q20 (sequencing base calls with an error rate of less than 1%) coverage of the PAO1 genome in 5,000-bp nonoverlapping windows. The PAO1 simulation data were adjusted to approximate the sequence data from the three sampled strains. The number of matching simulation traces was reduced to equal the average number of traces from the sampled strains that could be aligned with the PAO1 genome (7,821 traces). The numbers of Q20 bases in simulation traces were multiplied by a factor to reduce the average number of Q20 bases per trace for the entire simulation set to a value approximately equal to the average number of Q20 bases per trace in the sequence-sampling data sets (385 bp). To create a completely random coverage model, a random-number generator was used to select 7,821 positions in the PAO1 genome around which 385-bp hypothetical traces were centered. Coverage in Q20 bases was calculated using the same nonoverlapping-window approach with these simulated data. Total genome coverage for all four calculations was estimated by averaging the coverage values for each of the 1,253 windows. Starting and ending coordinates of each match in all cases were used to calculate coverage gaps.
Annotation of strain-specific sequences. Individual sequence traces with no match to the complete PAO1 genome by the above methods were extracted from the data sets of the three sampled strains. These traces were subjected to a filtering process which included removing those with the following attributes; (i) fewer than 140 bases of quality Q20 or greater, (ii) more than 75% vectormasked bases, (iii) hits to the E. coli K-12 genome with less than 5% mismatches, and (iv) any hits to eukaryotic repetitive elements found by Repeatmasker. The remaining sequences were submitted to the NR protein database via the BLASTX query translation program. Only the single hit with the lowest expect value for each entry was kept for further analysis.
Identification and analysis of SNPs from pairwise strain comparisons. The traces for each strain and the PAO1 simulation were assembled with phrap. The resulting contigs and single traces were compared to the PAO1 genome, and to each other, using cross_match. The default values were used for all of the cross_match parameters. Single-nucleotide polymorphism (SNPs) were identified from mismatches in the alignments produced by cross_match. To avoid falsepositive results due to sequencing errors, mismatches were called as SNPs only if they satisfied the following criteria. (i) Each nucleotide within a 5-bp window centered at the mismatch must have a quality value equal to or greater than Q25 (sequencing base calls with an error rate of less than 0.3%). The quality value may be a phrap quality in the case of contigs or a phred quality value for single traces. (ii) There can be no insertion or deletion within the 5-bp window. (iii) There can be no additional mismatches within the 5-bp window.
To verify the accuracy of this SNP identification method, the algorithm was tested in two ways. First, the complete PAO1 genome was compared to the randomly selected set of PAO1 traces. The substitution rate between these sequences was expected to approach 0% as the quality threshold and window size were increased. With a window size of 5 bp and a quality threshold of Q25, 655 mismatches were found in 3,082,441 bases analyzed, a 0.0204% error rate. Second, mutations were randomly introduced into the known PAO1 sequence to produce an artificial genome with a SNP rate of 0.5% relative to PAO1. The SNP finding algorithm was applied to a comparison between this mutated genome and the partial coverage supplied by the randomly selected PAO1 traces to recover the introduced SNPs. The simulation yielded 3,021,197 bases that met the predetermined quality criteria (Q25 quality and a window size of 5 bp). Mismatches were found at 15,640 of these positions, which is a SNP rate of 0.518%. On verification with the correct PAO1 sequence, 639 of these mismatches were errors and 15,001 were true SNPs (i.e., 96% of detected SNPs were real). Each SNP was entered into a database and classified according to the specific base pair difference. These data were used to quantify the frequency of transition versus transversion base pair substitutions. A complete listing of the SNPs that were found is available on the internet at www.genome.washington.edu/UWGC. Histograms of percent nucleotide substitution of comparisons between the complete PAO1 genome and the three sampled strains were created using the above algorithm applied to 5,000-bp windows that overlap by 2,500 bp along the PAO1 genome.
The analysis used to identify regions of high sequence variation was derived from a SNP analysis of 5-kbp windows of the PAO1 genome, offset by 2.5 kbp, compared to the three partially sequenced strains. Windows with at least 500 bp of alignable sequence and a SNP value of more than 3 standard deviations from the mean (Ն4.35%) are reported, as are the exact number of SNPs, alignable bases, and percent alignable bases with SNPs. The GϩC content is reported for the entire 5,000-bp window. The genome-wide GϩC content for PAO1 is 66.56%, with a minimum 5-kbp window of 47.64%, a maximum of 72.96%, and a 95% confidence interval of 60.73 to 72.38%. The GC skew was calculated as described by Grigoriev (12) . All annotated open reading frames (ORFs) that overlap regions of high variation are listed, and more detail on these ORFs is available at www.pseudomonas.com.
Yeast recombinational cloning. The O-antigen gene clusters from clinical strains 1-60 and 2-164 were isolated with plasmid pEHS4, as described previously (27) . The pyoverdine clones were retrieved in a similar manner, as well as, in some cases, by fosmid cloning. For the yeast recombinational cloning, the targeting sequences used were from PAO1 sequence coordinates 2638501 to 2639000 and from 2689501 to 2690000. Recombinant clones were detected using primers 5Ј CGAGCTCATCGCTAATAACTTCGTA 3Ј and 5Ј CTCAGCGAC ACCCTGCTGTCGGTGC 3Ј for the upstream side and primers 5Ј TATAGC ACGTGATGAAAAGGACCGC 3Ј and 5Ј CTTCAAGCGTCCCGACGGCGA GTTC 3Ј for the downstream side.
Phenotypic and genotypic analysis of O antigen in patient 1 isolates. The presence of the insertional element in the clinical strain 1-60 O-antigen biosynthetic region was detected using PCR with primers 5ЈCGGCATAGCCTTGTT VOL. 185, 2003 GENOMIC SEQUENCE VARIATION AMONG P. AERUGINOSA STRAINS 1317
GACTT 3Ј and 5ЈGCGACCAAACCTTTTGGATT 3Ј. PCR reagents used were from the Advantage GC kit for high-GϩC templates (Clontech Laboratories, Palo Alto, Calif.). Products were visualized using standard gel electrophoresis techniques. Serotyping of clinical strains was performed with an O1-specific monoclonal antibody (ERFA, Westmount, Quebec, Canada) as described previously (27) . PCR amplification and DNA sequencing of mucA, and examination of isolates for a mucoid phenotype. The primers used for mucA amplification were 5ЈCTC GTGAAGCAATCGACAAA 3Ј and 5Ј AAAAGCAACAGGGAGGTGGT 3Ј. Reagents used for these reactions were the same as above. Products were visualized using standard gel electrophoresis techniques and then treated with shrimp alkaline phosphatase and exonuclease enzymes (USB, Cleveland, Ohio) for DNA sequencing with the above primers, using dye terminator chemistry. Sequencing reactions were purified via ethanol precipitation and run on an ABI PRISM 377XL automated sequencer (Applied Biosystems, Foster City, Calif.). All of the isolates were examined for a mucoid phenotype by the same experienced clinical microbiologist at Children's Hospital and Regional Medical Center after overnight growth on cetrimide agar.
Nucleotide sequence accession numbers. The sequences reported here have been deposited in GenBank under accession numbers AF540990, AF540991, AF540992, and AF540993.
RESULTS
Whole-genome-sequence sampling of late-stage P. aeruginosa isolates. Two P. aeruginosa clinical isolates from CF patients (strain 1-60 from patient 1 and strain 2-164 from patient 2) and an environmental isolate MSH, were chosen for wholegenome-sequence sampling ( Table 1 ). The average coverage of the three sampled genomes was approximately 0.5ϫ, a value that implies a 40% chance of observing any particular base pair at least once. Figure 1 shows alignment histograms of the coverage across the PAO1 genome for each strain. These histograms conform reasonably well to expectations based on a random-sampling model, as illustrated by comparing Fig. 1A to C with the idealized histograms shown in Fig. 1D and E. Figure  1D illustrates variations in coverage of the PAO1 genome by a randomly selected set of PAO1 sequencing traces (37), while Fig. 1E illustrates variations in the coverage of the PAO1 genome in a random simulation.
Genomic regions unique to PAO1. Large gaps in the coverage histograms of Fig. 1A to C are likely to represent segments of the PAO1 genome that lack alignable counterparts in one or more of the other strains. There are two sizeable segments of the PAO1 genome to which no sequencing traces could be aligned for any of the sampled strains. One of these coverage gaps encodes a set of enzymes required for O-antigen biosynthesis ( Fig. 1F to H ). An additional coverage gap of approximately 17 kbp occurs at the PAO1 coordinate at 3.9 Mbp in all three sampled strains ( Fig. 1I to K) . Through further experimental analysis via PCR, we established that this gap in coverage corresponds to a 16,635-bp deletion common to all three strains, relative to PAO1 (data not shown). None of the PAO1-specific genes in this region (PAO1 ORFs 3497 to 3514) are well characterized. In addition, we found a 100-kbp coverage gap in strain 2-164 at the PAO1 coordinate at 2.4 Mbp (Fig.  1L) . The DNA missing from strain 2-164 includes a diverse set of 92 genes (PAO1 ORFs 2130 to 2221). The absence of this DNA was confirmed by PCR analysis of genomic DNA from strain 2-164 and all other isolates available for patient 2 (data not shown). One end of the gap corresponds to the insertion location of the previously described 50-kbp P. aeruginosa genomic island 1, PAGI-1 (20) ; however, none of the sequencing traces from strain 2-164 match the sequence of PAGI-1.
Genomic regions unique to the clinical and environmental isolates. Genomic segments present in the genomes of the three sampled strains but not in PAO1 can be detected by analyzing the sequencing traces that do not align with the PAO1 genome. We found 910 traces from strain 1-60 (11.6% of all high-quality bases generated), 1,671 traces from strain 2-164 (17.8% of all high-quality bases) and 844 traces from strain MSH (10.2% of all high-quality bases) that fail to align, indicating that a substantial portion of the genome of each strain is composed of sequence tracts of at least a few hundred base pairs with no PAO1 counterparts. Strain 2-164, which carries a large and unique deletion relative to PAO1, has the highest proportion of unalignable reads. We attempted to annotate these unalignable sequences by comparing their translation products to the nonredundant protein database using BLASTX. Results from these similarity searches are summarized in Table 2 .
Of the combined total of 3,425 traces from the three sampled strains that did not align with the PAO1 genome, only 1,886 (55%) had identifiable similarity to known gene products. Hits to products of genes in the PAO1 genome account for 4% of the total for each strain; hence, there appear to be genes in these strains that have diverged significantly at the nucleic acid level from related PAO1 genes while still coding for similar proteins. Another prominent category of sequences encode proteins similar to those already reported in P. aeruginosa strains other than PAO1. This category includes reads that hit proteins involved in O-antigen synthesis. Also included in this category are hits to genes in the previously described 50-kbp P. aeruginosa genomic island 1 PAGI-1 (20) and a 20-kbp flagellin-related glycosylation island (2), the cytotoxinconverting phage phi CTX (24) , and alternate forms of flagellar (3, 35) and pyocin (7, 33) genes. Hits to proteins encoded by other bacteria comprise a third category, dominated by proteins encoded by the plant pathogen Xylella fastidiosa and the nitrogen-fixing symbiont Mesorhizobium loti. The remaining a High-quality data are defined as base calls with a phred quality score of Ͼ20 (i.e., Q20 bases), which corresponds to a Ͻ1% error rate (9) . Genomic coverage is estimated by dividing the total number of Q20 bases acquired by the 6.3-Mbp size of the PAO1 genome.
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SPENCER ET AL. J. BACTERIOL. GENOMIC SEQUENCE VARIATION AMONG P. AERUGINOSA STRAINStraces, which comprise almost half of all traces that are unalignable with the PAO1 genome, do not encode peptides with matches to known proteins. This result suggests the presence of substantial novel genetic material in the three strains. Levels of genetic variation within shared segments of the genome. The data sets described in Table 1 provide insights into the genetic variation between shared regions of PAO1 and each of the comparison strains. Sequence analysis was performed between the PAO1 reference and high-quality comparison strain sequences that had an error rate of less than 1%. An overall assessment of SNPs revealed a ratio of transition to transversion mutations of 2.5:1. This is similar to the 3:1 ratio observed in strain comparisons of E. coli (26) . With respect to transversions, 50% are G7T or A7C, 41% are G7C, and 9% are A7T. The apparent bias is presumably a reflection of the overall high GϩC content of P. aeruginosa (66.56%) but may underscore an active mechanism that preserves the high GϩC content in this organism. Figure 2 shows a whole-genome scan of genetic variation between PAO1 and each of the comparison strains. These histograms show the percent sequence divergence in 5-kbp windows that overlap by 2.5 kbp. Average sequence variation between PAO1 and strains 1-60, 2-164, and MSH was 0.49, 0.50, and 0.47%, respectively. We also attempted pairwise comparisons between 1-60, 2-164, and MSH. These estimates are more problematical because there is uncertainty about the precise boundaries of an alignable region. However, our best estimates suggest that no two of these strains are more closely related to each other than any of them is to PAO1.
Large peaks in the histograms in Fig. 2 represent regions in the PAO1 genome that are much more variable than the background level of 0.5% variation. The dramatic peak at the coordinate at 2.7 Mbp is particularly striking. This highly variable genome segment contains genes whose products are involved in the biosynthesis of the siderophore pyoverdine and the receptor for ferripyoverdine (e.g., pvdD, pvdE, pvdF, pvdI, pvdJ, pvdK, and fpva) (19, 38) . The pyoverdine locus was studied in greater depth, as presented below. The variation peak at coordinate 1.2 Mbp in both clinical isolates includes a large number of genes whose products are involved in flagellar syn- thesis. These genes have been previously implicated in the biosynthesis of the P. aeruginosa serologically distinct a-and b-type flagellae (1, 35) . Both the pyoverdine and flagellar peaks involve sequence divergences of approximately 20%, a value that approaches the threshold for sequence alignability. Hence, they represent a "gray zone" between normal levels of interstrain variation on the one hand and the complete loss of alignability on the other. Overall, we detected 25 regions of significantly elevated sequence variation in pairwise comparisons between PAO1 and the three partially sequenced strains (Table 3) . These regions are defined in units of 5,000-bp PAO1 segments that had at least 500 bp of alignable, high-quality reads (Ն99% accuracy in base calls) from one of the three strains and where pairwise nucleotide differences exceeded 4.35% (more than 3 standard deviations above the median value). Interestingly, there were no obvious sequence features unique to these regions that flag them relative to the rest of the genomic sequence. The percentage of GC base pairs in these regions ranged from 63.56 to 66.87%, which is slightly lower but nonetheless similar to the genome-wide average of 66.56% GC base pairs. In addition, we did not detect any strand bias in GϩC content (GC skew [12] ). With respect to codon usage of ORFs in these regions, there appeared to be a lower GϩC content in the synonymous third codon positions than the genome-wide average, as well as underutilization of optimal codons frequently used in highly expressed genes (13) . Surprisingly, we did not identify exotoxin A (25) or homologs to the E. coli vgr/Rhs elements (6, 40) in our analysis. The highly polymorphic restriction fragment length polymorphisms upstream of the exotoxin A gene have been used for strain typing, and we found 1.5% nucleotide variation in this 10-kbp region. Similarly, the vgr/Rhs elements are associated with rearrangement hot spots in E. coli, yet we found unremarkable nucleotide substitution rates in the P. aeruginosa homologs that were examined.
Clonal P. aeruginosa infections in two CF patients. Sequential P. aeruginosa isolates were collected from the two CF patients for a period of years, starting at 6 months of age for patient 1 and 6 years 3 months of age for patient 2. Wholegenome restriction analysis was performed with the restriction enzyme SfoI (GGC^GCC). Figure 3 shows the restriction pattern of each isolate, together with strains MSH, PAO1, and three clinical isolates from separate CF individuals. With the exception of one strain from the patient 1 collection, all isolates from the same patient exhibit nearly identical fingerprints. Hence, it is likely that the infections in these patients are predominantly clonal, consistent with previous findings (5, 29, 36, 39) . Close inspection reveals several restriction fragment length polymorphisms within isolates from a particular patient, a striking result consistent with our findings (reported below) that there is variation among patient isolates.
Cloning and resequencing of the pyoverdine and O-antigen biosynthetic loci. Our whole-genome variation scan led us to explore two highly variable regions among the P. aeruginosa genomes in more detail. The first was the pyoverdine segment, which stands out as the most prominent hypervariable feature in sequence alignments (Fig. 2) . The majority of the pyoverdine locus from clinical strains 1-60 and 2-164 was cloned a Sequencing data for all three strains was compared to the PAO1 reference in 5,000-bp sliding windows that were sequentially offset by 2,500 bp. Regions with at least 500 bp of alignable sequence that exhibited nucleotide diversity values greater than three standard deviations (Ͼ4.35% sequence differences) from the mean value of 0.5% are shown.
b Sequence coordinates of the PAO1 refence sequence, accessible at www .pseudomonas.com.
c Overall span of the PAO1 region encompassed by high sequence variation. from fosmid libraries (a fosmid is related to a cosmid but has the single-copy FЈ origin of replication [16] ). Subsequently, we used targeted recombinational cloning in yeast (27) to isolate the ϳ40-kbp pyoverdine regions from these isolates. Figure 4 shows the annotated sequences of the pyoverdine locus from PAO1 (ORFs PA2394 to PA2405) and from the two clinical strains. Surprisingly, the sequences of the two clinical strains are quite similar, with an overall nucleotide substitution rate of ϳ2%. Most of the sequence variation between between these related clusters is found in the gene encoding the pyoverdine receptor, fpvA, and an ORF of unknown function, PA2403. Both clinical sequences differ by Ն25% from PAO1 across portions of the same region; sequence diversity is sufficiently high that alignments lose meaning in the central portions of the locus. Preliminary analysis using PCR suggest that the pyoverdine locus from the MSH environmental isolate is also similar to the that from the clinical strains (data not shown).
Given that three major types of pyoverdine molecules are found among P. aeruginosa strains (reviewed in reference 23), our data suggest that PAO1 synthesizes one type of siderophore while the three strains used in this study all synthesize a different molecule and they have common sequences among their pyoverdine biosynthetic genes. The second locus of interest, identified as a coverage gap in Fig. 1 , is the O-antigen biosynthetic region. Bacterial lipopolysaccharide plays a critical role in the establishment of infection and subsequent interplay between the bacteria and the host immune system. Yeast recombinational cloning (27) was used to clone the O-antigen biosynthesis genes from clinical strains 1-60 and 2-164 (Fig. 5) . DNA sequencing revealed that the cloned region from strain 1-60 is nearly identical to the region corresponding to serotype O1 (27) . The major difference is a 1.5-kbp insertion element present in the 1-60 sequence that disrupts the fourth ORF of O1, a gene encoding a member of the UDP-glucose/GDP-mannose dehydrogenase family (32, 41) . Similarly, the region cloned from 2-164, which corresponds to serotype O6, contains a 2-nucleotide deletion in the fifth ORF of the cluster. This gene, which has previously been annotated as wbpQ, is of unknown function (4, 27) . Neither strain 1-60 nor strain 2-164 possesses a discernable serotype on incubation with O1 and O6 monoclonal antibodies, respectively. Hence, it is probable that these mutations are actually responsible for loss of O-antigen synthesis. However, at least in the patient 1 isolates, the genotype-phenotype relationship may be more complex (see below). The indication that loss of O-antigen synthesis is due to specific mutations in the Oantigen gene clusters is supported by previous complementation studies (8) .
Analysis of O1 and mucA genes in strain isolates from patient 1. We scored the mucoid phenotype and O1 serotype of sequential isolates from the patient 1 collection (Table 4 ). This analysis revealed marked heterogeneity among these isolates. Mutations in the mucA gene are known to cause the mucoid phenotype (11, 21, 22) ; therefore, we determined the DNA sequence of the mucA gene for the entire series of isolates. Two isolates collected at 24 months exhibited a mucoid phenotype at the time of isolation, although no corresponding mutation in mucA was detected. Mucoid isolates collected at later times harbor frameshift mutations in mucA. These data revealed three distinct mucA alleles, suggesting that multiple, independent mutational events gave rise to the mucoid phenotype.
PCR was used to examine the presence or absence of the insertion element in the O1 gene cluster (Fig. 6 ). While the insertion element is present in most of the 23 untypeable isolates, there are 5 untypeable isolates obtained during the first 24 months of the patient's life that lack the insertion. At later times, all untypeable isolates possess the insertion. Isolates collected between 27 and 36 months were either mucoid or untypeable, suggesting that these genetically distinct strains coexisted in the patient's airways during this period. Finally, the mucoid and untypeable phenotypes coalesce in the 60-month isolate, 1-60, which was the focus of this study.
DISCUSSION
We investigated genetic variation in P. aeruginosa by using a collection of sequential isolates from the airways of two CF patients along with an isolate from an environmental source. Previous analyses of variation among CF isolates have established that infections within a particular patient are predominantly clonal (5, 29, 39) . The relatedness of our sequential CF isolates was assessed using whole-genome restriction analysis, the results of which support this conclusion. It has also been observed that during long-term colonizations, strains from airways of CF patients tend to become mucoid (11, 17, 21, 22, 28) and lose the ability to produce O antigen (18, 28, 29) . Both events were observed in this study. To investigate genomic variation among diverse strains of P. aeruginosa, the environmental isolate and two late-stage clinical isolates from our clonal collections were chosen for whole-genome-sample se- 
a O1-specific PCR products were scored either as wild type (wt) in size or as amplicons with an apparent insertion element (insertion).
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GENOMIC SEQUENCE VARIATION AMONG P. AERUGINOSA STRAINS 1323 quencing and comparison to the PAO1 reference genome. To date, the genomic structure of P. aeruginosa has been interrogated largely by restriction mapping, which has resulted in the conclusion that large rearrangements and acquisition and loss of large blocks of DNA are responsible for most of the genetic diversity among different strains (30, 34) . At the nucleotide level, Kiewitz and Tümmler (15) reported that substitution rates in a limited set of conserved genes in the P. aeruginosa genome are lower than 0.5% In general, the results of our whole-genome-sample sequencing experiments are consistent with these observations. Our high-resolution comparisons between sequence data from the sampled strains and the PAO1 reference genome allowed us make more detailed observations about the general character of P. aeruginosa genomes. First, the PAO1 genome is well conserved in the strains that we studied. Regions present in PAO1 but absent in other strains do exist, but they are mostly short (less than 20 -kbp), with the exception of one 100-kbp gap in clinical strain 2-164. There are two loci of significant size where no sequencing traces for any sampled strain could be aligned to the PAO1 genome. One of these involves a 17-kbp deletion, relative to PAO1, and the other involves genes at the O-antigen biosynthetic locus that are functionally related to the genes present in PAO1 but not conserved in sequence (27) . The large fraction of the PAO1 genome that is common to all three strains leads us to believe that there is a backbone genome that is conserved in many P. aeruginosa strains, an observation supported by lower-resolution genome mapping of PAO1 and other strains (30, 34) .
Second, our estimates indicate that the genome-wide average nucleotide substitution rate is 0.5%. This is almost an order of magnitude lower than the sequence diversity of genomic material shared between E. coli O157 and K-12 strains (26) . Isolated hypervariable regions are apparent at specific loci. The most prominent examples include genes involved in synthesis and recognition of the siderophore pyoverdine and genes whose products synthesize serologically different flagellins.
Finally, strain-specific islands appear to be the primary mode of variation among different strains of P. aeruginosa. Although much of the sequence content of PAO1 is present in the three strains that were sampled, a significant amount of genetic material unique to the sampled strains was found. Approximately 10% of the sequencing traces that we gathered for each strain contain no sequence alignable with the PAO1 genome. This estimate is probably a conservative one because it does not account for chimeric or highly diverged fragments, which contain a significant amount of sequence that is not found in PAO1 but can still partially align with the PAO1 genome. Annotation of these strain-specific sequences resulted in identification of previously described islands, for example the PAGI-1 sequences from O-antigen biosynthetic genes and an island affecting flagellar glycosylation, but most are not homologous to any known genes. Few phage-related sequences were found. The GϩC content of anonymous, unalignable fragments is significantly lower than the average for the PAO1 genome (50 to 54% versus 67%), which may indicate that much of this material was acquired via horizontal transfer from other bacterial species. One weakness of the present study is that it is not possible to group divergent sequences into islands that are not found in PAO1, nor is it possible to place these putative islands in the context of the PAO1 reference sequence. This type of analysis will be possible only with more complete sequence coverage of the genomes of clinical and environmental isolates.
The whole-genome-sample sequencing data motivated further investigation of specific regions. We recently used yeast recombinational cloning to isolate and characterize a diverse set of O-antigen biosynthesis genes (27) . The same techniques revealed that clinical strains 1-60 and 2-164 harbor O1 and O6 O-antigen gene clusters, respectively. These strains are untypeable, and sequencing revealed the probable causative mutations in both cases. We also used recombinational cloning to characterize the pyoverdine biosynthesis genes, and we found that all three strains possessed related sequences that are substantially diverged from those present in PAO1. Finally, we used phenotypic analysis coupled with sequence data to explore the heterogeneity of isolates derived from a clonal, CF-related infection. These studies point to sufficiently strong selective pressures for the overproduction of alginate to cause independent mutational events to occur in the same gene during the course of a single clonal infection. Both the mucA and O-antigen data also indicate that despite the strong selective pressure for mutations, selective sweeps resulting in fixation of favored mutations do not occur with any rapidity.
Our data suggest a relatively simple model for genetic variation in the 6-Mbp genome of P. aeruginosa. Much of the genome is relatively well conserved, with a level of variation, dominated by SNPs, that is not greatly higher than that found in many metazoan species such as humans. This conserved framework of the P. aeruginosa genome is interrupted by highly diverged segments that appear to reflect the effects of balancing selection on P. aeruginosa populations. Balancing selection leads to the maintenance in different strains of functionally diverged solutions to the same biological challenges (e.g., synthesis of the flagellum, the polysaccharide coating of the bacterium, and siderophores). More comprehensive analyses are required to determine the number of different functionally diverged "cassettes" that can plug into the conserved genomic framework; however, it is notable that systems that are already known and reasonably well understood account for a substantial proportion of the obvious sites of hypervariability.
We also obtained a first glimpse of the molecular evolution of P. aeruginosa during the course of a particular CF infection. The data emphasize the genetic heterogeneity that develops and is maintained for long periods within these clonal infections. Extensions of the work described here have the potential to produce a detailed model for genetic variation in P. aeruginosa both among CF patients and across time in individual patients. Since therapeutic interventions must be based on conserved features of these infections, such a model would provide a rational basis for evaluating the attractiveness of potential drug targets.
